Introduction
Spin-dependent transport properties of ferromagnet (F)/semiconductor (SC) heterojunctions have been studied intensively for realizing future-generation spintronic devices, such as spin transistors and spin light-emitting diodes. We recently observed a tunneling anisotropic magnetoresistance (TAMR) effect in both Co 50 Fe 50 (CoFe)/n-GaAs and Co 2 MnSi/n-GaAs Schottky tunnel junctions [1, 2] . Since the TAMR occurs even for a single F/SC junction and produces a spin-valve-like magnetoresistance, it may affect the electrical detection of spin injection using F/SC heterojunctions. Thus, the origin of the TAMR effect and its influence on spin injection properties should be clarified. To find out whether there is a correlation between the TAMR and the magnetocrystalline anisotropy provides a useful insight for the origin of the TAMR. In this paper we therefore grew an epitaxial CoFe layer on As-terminated or Ga-terminated GaAs, and investigated the influence of the termination species on both the TAMR characteristics and the magnetocrystalline anisotropy.
Experimental
Layer structures consisting of (from the substrate side) undoped GaAs (50 nm)/n --GaAs (Si = 2×10 16 cm -3 , 750 nm)/n + -GaAs (Si = 3×10 18 cm -3 , 30 nm) were grown by molecular beam epitaxy (MBE) at 580ºC on a GaAs(001) substrate. The n + -GaAs layer was inserted to reduce the Schottky barrier width so that the tunnel conduction would be dominant. The sample was then capped with an arsenic protective layer and transported to an ultrahigh-vacuum magnetron-sputtering chamber with a base pressure of about 6×10 -8 Pa. Prior to CoFe growth, the GaAs substrates were heated to obtain two kinds of surface reconstruction superstructures. As the substrate temperature increased, the arsenic coverage at the top of the (001) GaAs surface decreased, and surface reconstruction structures changed from c(4×4) to As-stabilized (2×4) and Ga-stabilized (4×2) structures. The formation of As-stabilized (2×4) or Ga-stabilized (4×2) structure was confirmed by reflection high energy electron diffraction (RHEED). Subsequently, a 20-nm-thick CoFe film was grown by magnetron sputtering at RT on either the As-stabilized surface (sample-A) or the Ga-stabilized surface (sample-B). The magnetocrystalline anisotropy of the CoFe thin film was investigated using a superconducting quantum interference device magnetometer at 300 K. The TAMR characteristics of CoFe/n-GaAs Schottky junctions were measured at 4.2 K by the conventional four-probe method.
Results
We confirmed by RHEED observations that the CoFe thin film was epitaxially grown on the GaAs with a cube-on-cube relation for both sample-A and sample-B. Thus, the crystal axis direction described hereafter is common between CoFe and GaAs. (2) where R 110 and R 1-10 are the tunnel resistance for M|| [110] and M|| [1−10] , respectively, and R u ≡ R 1-10 -R 110 . The sign of R u was positive at V = 0.10 V and negative at V = 0.25 V. Figure 3 shows the bias-voltage dependence of R u normalized by R 110 for sample-A and sample-B. The figure clearly shows that the sign of R u was strongly dependent on the bias-voltage, and that it changed at V ≈ 0.16 V; however, it was insensitive to any difference in the GaAs surface's superstructure. This contrasted with the magnetocrystalline anisotropy result.
Discussion
Two possible origins for the uniaxial-type TAMR characteristics have been proposed [3] : (a) combination of Rashba-type and Dresselhaus-type SOIs, and (b) uniaxial-type-strain-induced SOI. If the strain-induced SOI is the dominant origin of the TAMR, the TAMR and the magnetocrystalline anisotropy should be correlated since the strain induces magnetocrystalline anisotropy. The strain-induced SOI model was initially introduced to explain the TAMR in a (Ga,Mn)As/AlOx/Au tunnel junction [4] , and correlation between the TAMR and magnetocrystalline anisotropy was experimentally demonstrated in a (Ga,Mn)As/ZnSe /(Ga,Mn)As MTJ [5] . However, no correlation between the TAMR and magnetocrystalline anisotropy was found in CoFe/n-GaAs, because the sign of K u changed depending on the difference of the surface reconstruction superstructures of GaAs, while the sign of R u was insensitive to the difference of the surface reconstruction superstructures. This result indicates that the origin of the TAMR is not a strain-induced SOI, but a combination of Rashba-type and Dresselhaus-type SOIs. The model based on the combination of Rashba-type and Dresselhaus-type SOIs explains the bias-voltage dependence of R u , as follows. According to this model, the R u is proportional to the product of the effective Rashba parameter (α) and the Dresselhaus parameter (β) [3] . Since α is proportional to the strength of the electric field at the ferromagnet/n-GaAs interface, the sign and magnitude of α would be voltage-dependent. Thus, one can qualitatively explain the bias-voltage dependence of R u , if R u is assumed to be proportional to α·β.
Conclusion
We experimentally found there was no direct correlation between the TAMR and the magnetocrystalline anisotropy in a CoFe/n-GaAs Schottky junction. This result indicates that the uniaxial-type TAMR mainly originates from the combination of Rashba-type and Dresselhaus-type SOIs. 
